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Abstract

If recent results of the PVLAS collaboration proved to be correct, some alternative to
the traditional axion models are needed. We present one of the simplest possible mod-
ifications of axion paradigm, which explains the results of PVLAS experiment, while
avoiding all the astrophysical and cosmological restrictions. We also mention other pos-
sible models that possess similar effects.

1 Introduction

It has been understood long ago, that the presence of light pseudoscalar particles, with coupling
to the electromagnetic field of the form

Lem+φ = −
1

4
F 2

µν +
1

2
(∂µφ)2 −

m2
φ

2
φ2 −

1

4fφ

φ ǫµνλρFµνFλρ , (1)

leads to a number of signature effects [1, 2, 3, 4, 5, 6]. In particular, in external magnetic
field, vacuum becomes birefringent and dichroic. These effects (change of linear polarization
into the elliptic one and rotation of the polarization plane of linearly polarized light) can be
qualitatively understood as follows. Interaction (1) leads to an effective mass for the compo-
nent of the photon, polarized along the direction of the external magnetic field (see Fig.1),
while perpendicularly polarized component remains massless. Recently, PVLAS collaboration
reported observation of such an effect of rotation of polarization [7].
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However, the axion interpretation of the PVLAS data comes in contradiction with other
experimental constraints (see e.g. [8]). Namely, PVLAS data can be interpreted in terms of
axion-like particle (ALP) with Lagrangian (1) if one identifies

mφ = 1 − 1.5 meV; fφ = (2 − 6) × 105 GeV (2)

These numbers disagree, however, with both astrophysical bounds (see e.g. [9])

fa, stellar & 1010 GeV (3)

and the results of CAST collaboration [10], which tries to detect the flux of φ coming from
the Sun and its conversion into photons in a strong magnetic field. Absence of such a signal
puts a lower bound on fφ, compatible with (3):

fφ > 8.6 × 109 GeV for mφ . 0.02 eV (4)

Clearly, there exists a strong contradiction between the results of PVLAS and limits (3)–(4),
which implies that the simple axion model (1) should be modified. Attempts to avoid the
astrophysical constraints (3)–(4) have been discussed in the literature (see e.g. [11, 12, 13]).
We note that models with ALPs are historically motivated by the CP problem in QCD and
the Peccei-Quinn mechanism of its solution [14, 15]. Therefore the attempts to avoid stellar
constraints are usually based on modification of the axion Lagrangian, making the theory
more sophisticated.

In this work we suggest a different way to reconcile the results of PVLAS experiment (2)
with the constraints (3)–(4). We present another very simple model which provides almost
the same properties of propagation of photons in the magnetic field as models with axion.
This model is not inspired by the strong CP problem and has rather different particle physics
motivation. We show that in such a model there is no contradiction between PVLAS data
interpreted as a mass of photon in the magnetic field and astrophysical and CAST constraints.
At the end we briefly discuss high-energy motivation of this model, various modifications of
the effective theory coming from different fundamental theories and possibilities to distinguish
experimentally between them. We plan to discuss these issues in detail elsewhere [16].

The plan of the paper is the following. In the section 2 we describe the effect of an
effective photon mass generation in a magnetic field and present the model. In the section 3
we calculate the propagator of of the photon in a magnetic field in our model. Finally, in the
last section 4, we shortly discuss our results, possible theoretical origin of our model and its
future developments.

2 New vector boson

The effects of birefringence and dichroism can be qualitatively described as generation of the
effective mass of the photon via the process, shown on Fig. 1. Qualitatively, one expects this
magnetic mass to behave as

mγ,H ∼
κH

malp

(5)
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Figure 1: Diagram for effective mass of a photon in the external magnetic field H . The dashed
line corresponds to an exchange of the hypothetical new particle.

where malp is the mass of intermediate particle (whose propagator is denoted by dashed line
on Fig. 1) and κ is a dimensionless coupling constant in the vertex defining the interaction of
photon with this intermediate particle in a constant magnetic field.1 On the other hand, both
constraints (3) and (4) stem from production (annihilation) of real ALPs, i.e. from processes
of the type shown in Fig. 2. By choosing κ to be very small one can arbitrarily suppress them
and still have the effect (5) preserved, provided that malp also goes to zero with κ → 0.

One of the simplest theories with this property is the theory of a gauge boson B acquiring
mass from a Higgs field mB = κvB with κ being its corresponding charge. Then, one could
have an interaction with the photon A via the Chern-Simons-like term

Lcs = κ ǫµνλρAµBν(∂λAρ) (6)

We will see in a moment that the appearance of the same charge κ in front of this interaction
is natural and is dictated by gauge invariance. Clearly, the term (6) is the close cousin of the
axion-like interaction (1), which is easy to see if one substitutes Bµ by ∂µφ. However, the full
theories are not equivalent as we will show below.

Naively, the theory with the interaction (6) is not gauge invariant, its A-gauge variation
being proportional to FAF̃B, (where by tilde we denote dual field-strengths). This can, how-
ever, be amended and the simplest theory which possesses the interaction (6) and is gauge
invariant is the following:

L = −
1

4
|FA|

2 −
1

4
|FB|

2 +
v2

γ

2
(Dµθ1)

2 +
v2

B

2
(Dµθ2)

2 (7)

+ θ1ǫ
µνλρ(FA)µν(FB)λρ + θ2ǫ

µνλρ(FA)µν(FA)λρ − 2κ ǫµνλρAµBν(FA)λρ

where
Dµθ1 = ∂µθ1 + κAµ; Dµθ2 = ∂µθ2 − κBµ (8)

The theory (7) may seem somewhat ad hoc. However, such interactions appear generically
in effective theories of models with chiral fermions, which acquire mass via Yukawa couplings
with the charged Higgs fields [17, 18]. We will comment on the possible microscopic origin of

1Indeed, the diagram 1 is equal to κ2D(p2), where D(p2) is the propagator of the intermediate particle and
p is the 4-momentum of incoming photon. As the effective mass is very small, p2 ≪ m2

alp
, we get (5). We will

present the exact calculation of this diagram and its corresponding contribution to the effective photon mass
in the next Section.
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Figure 2: Creation of Bµ in the external fields

the theory (7) in the Discussion section, the detailed analysis will appear elsewhere [16]. The
fields θ1 and θ2 are the phases of the Higgs fields, which provide masses to both gauge fields.
The coefficients in Eq. (7) are fixed by requirement of gauge invariance with respect to the
two U(1) groups: U(1)em × U(1)B:

U(1)em : δλθ1 = −κλ; δλAµ = ∂µλ (9)

U(1)B : δβθ2 = κβ; δλBµ = ∂µβ (10)

where only non-trivial gauge-variations are shown for each group. The same theory, considered
in the unitary gauge for both fields, reads:

L = −
1

4
|FA|

2 −
1

4
|FB|

2 +
m2

γ

2
A2

µ +
m2

B

2
B2

µ − 2κǫµνλρAµBν(FA)λρ (11)

where
mγ = κvγ; mB = κvB (12)

The theory (11) will be analyzed in details in the next Section. However, one can anticipate
the results. Substituting uniform magnetic field H in place of FA in the interaction term (11)
and diagonalizing the quadratic part of the Lagrangian, one can see that the mass of the
photon shifts: m2

γ → m2
γ + H2/v2

B, the dependence of κ cancels out and the effect is not
suppressed in the limit of small κ. This allows us to choose vB ∼ 105 GeV in order to explain
the PVLAS data and choose κ ≪ 1 to suppress emission of B-boson from stars. Actually,
by looking at Eqs. (11)–(12), it is clear that κ should be very small. Indeed, according to the
Particle Data Group [19] the upper bound on photon mass is2

mγ,pdg < 6 × 10−17 eV . (13)

We will choose the constant κ in such a way, as to ensure the limit (13) as well as the
suppression of B production in stars and in the early Universe.

2Most of the model-independent constrains come from direct measurements of deviation of Coulomb law
from r−2 dependence [20], quoted in [19]. There exist much stronger experimental restrictions, mγ < 3 ×
10−27 eV [21, 22], which are however model-dependent [23].
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3 Propagator of light in a uniform magnetic field

In this Section we compute the propagator of photon in the model of Section 2 and show that
it leads indeed to effects of birefringence and dichroism.

In the theory (11) the full propagator of a photonGµν can be determined from the following
equation:3

G−1

µν = (G0)−1

µν − Πµν(k) (14)

where the 1PI self-energy of the photon Πµν is determined by the diagram 1, and the tree level
propagators of the B-field and the photon are given by

Dµν(k) =
ηµν − kµkν/m

2
B

k2 −m2
B + iǫ

; G0
µν =

ηµν − kµkν/m
2
γ

k2 −m2
γ + iǫ

. (15)

(G0)−1
µν is the inverse propagator (15):

(G0)−1
µν = (k2 −m2

γ)ηµν − kµkν (16)

We are interested in the propagation of light in the uniform magnetic field H = F23. Then,
Πµν is given by

Πab = κ2H2ǫacǫbd
(

ηcd − kckd/m
2
B

k2 −m2
B + iǫ

)

; Πab = ηaa′ηbb′Π
a′b′ (17)

with all other components equal to zero. One can rewrite Πab as

Πab = −
κ2H2

m2
B(k2 −m2

B)

(

k2
x +m2

B kxω
kxω ω2 −m2

B

)

ab

(18)

3.1 Photon propagating perpendicularly to the magnetic field

Let us consider the case when a photon is propagating along the z axis with the magnetic field
pointing in x direction. We have:

Πab = −
κ2H2

k2 −m2
B

ηab −
κ2H2

m2
B(k2 −m2

B)

(

0 0
0 ω2

)

(19)

and one can find explicitly the propagator Gµν . A straightforward computation shows that in
this case the {x, y} block of the matrix Gµν is diagonal and therefore the components Ax and
Ay are determined by Gxx and Gyy correspondingly. It is then easy to see that the propagator
Gxx (describing wave with the electric field along the magnetic field H) changes, while Gyy

(polarization, orthogonal to the magnetic field) remains unchanged! Namely, Gxx is given by

Gxx(ω, kz) = −
(k2 −m2

B)

(k2 −m2
γ + iǫ)(k2 −m2

B + iǫ) + κ
2H2

m2

B

(m2
B − ω2)

, (20)

3Our conventions are as follows: Greek indices µ, ν, · · · = 0, . . . , 3, Latin indices a, b, · · · = {0, 1} and
i, j, · · · = {2, 3}. Metric is mostly-negative ηµν = (+1,−1,−1,−1), ǫab is an antisymmetric tensor with
ǫ01 = 1. We also use indices 0, 1, 2, 3 and t, x, y, z interchangeably.
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where k2 = ω2 − k2
z .

The zeros of the denominator are given by the following equation:

(k2 −m2

γ)(k
2 −m2

B) +
H2

v2
B

(m2

B − ω2) = 0 (21)

(where we have used mB = κvB). This equation describes two propagating modes, one with
a mass close to that of the photon:

ω2

γ(kz) ≃ k2

z(1 − η) +m2

γ + ηm2

B (22)

and another with a mass, close to that of B boson

ω2

B(kz) ≃ k2

z(1 + η) +m2

B (23)

Both solutions are found in the leading approximation in (H/v2
B) and (mγ/mB) and we have

introduced a small parameter η = H2/v4
B. Substituting these modes into the propagator (20),

we see that the admixture of the “heavy mode” (23) is suppressed by the small parameter η
and in the first approximation we obtain the photon propagating with the mass

m2
γ,H ≃

H2

v2
B

(24)

Let us compare the result (20)–(21) with the similar “secular equation” of Ref. [5]:

k2(k2 −m2

φ) −
H2

f 2
φ

ω2 = 0 (25)

We see that there is a trivial difference due to mγ and (ω2 − m2
B) instead of ω2 in the last

term of Eq. (21). However, we expect ω ≫ mB (in experiments ω ∼ 1 eV). Therefore, the
effects for a photon, propagating in a perpendicular magnetic field, remain in our model the
same as in the model with the axion if one identifies

fφ → vB; mφ → mB (26)

Using the PVLAS values for these constants we obtain:

mB ∼ 10−3 eV; vB ∼ 105 GeV; κ ∼ 10−17; vγ ∼
mγ

κ
. 1 eV (27)

The exchange by this new light boson leads in principle to corrections on the gravitational
attraction of two bodies. The mass and coupling constant (27) are compatible with the existing
constraints from the searches of such a “fifth force” with a range smaller than 0.1 cm (in our
case m−1

B ∼ 0.01 cm) (see e.g. [24]).
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φ1 φ2 ψL ψR ψ′
L ψ′

R χL χR χ′
L χ′

R

U(1)γ κ 0 q1 q1 + κ q1 + κ q1 q2 q2 q′2 q′2
U(1)B 0 −κ β1 β1 β ′

1 β ′
1 β2 β2 − κ β2 − κ β2

Table 1: A simple choice of charges of fermions and Higgs fields, which leads to the low-energy
effective action (7). Potential for Higgs fields ensure that φ1 = vγe

iθ1 and φ2 = vBe
iθ2. The

charges are chosen such that there are no γ3 and B3 triangle anomalies for both groups of
fermions ψ and χ. On the other hand, mixed anomalies cancel between the two groups of
fermions. Masses of ψ-fermions are generated via Yukawa interaction with the Higgs field φ1

and masses of χ-fermions by the Higgs field φ2.

4 Discussion

In this work we proposed a simple alternative to the axion model, which reproduces the effects
of rotation of the polarization plane, recently observed by PVLAS collaboration, and avoids
the constraints coming from astrophysical and cosmological data. This low-energy theory
predicts the existence of a new light vector field (rather than a pseudoscalar particle), which
interacts with the photon via Chern-Simons-like terms. Such terms generically appear as
effective interactions in theories with chiral fermions due to fermionic loop effects [17, 18].
The structure of interactions in Lagrangians similar to (7) is dictated by the requirement of
anomaly cancellation and the coefficients (κ in our case) are uniquely fixed. For example,
such terms would appear in the model with fermions charged as shown in Table 1.

Clearly, for such a model to become realistic, one needs to implement it in an extension of
the Standard Model (SM). The realization of the model (7) as an effective theory derived from
a consistent extension of the SM will be reported separately [16]. We would like to mention
here that, apart from integrating out four-dimensional fermions à la D’Hoker and Fahri [17,
18], axionic and Chern-Simons terms can also appear from higher-dimensional theories. For
example, such effective theories generically appear in realizations of SM on D-branes in string
theory [25].

In this work, we presented the simplest example of appearance of axion-like interactions
as a consequence of cancellation of gauge anomalies between various sectors of the theory.
Physically, this is a different approach to the building of such models, as compared to the
more conventional axions related to the strong CP problem. Other models of this kind can
appear in various realistic scenarios, which will also be discussed in [16].

There exists another class of theories, where effects, similar to those discussed in this paper,
may appear. In theories with extra dimensions anomaly cancellation may occur between
light particles, living in 4 dimensions and very heavy particles, propagating in the higher-
dimensional space (the so called anomaly inflow mechanism [26, 27]). The low-energy limit
of such a theory may not have a description in terms of a local 4-dimensional effective theory.
The mechanism of anomaly inflow is realized in nature in the case of quantum Hall effect [28,
29] where the 2-dimensional anomaly of the edge excitations of the quantum Hall droplet is
canceled by the inflow from a 3-dimensional Chern-Simons term. A 4-dimensional example of
such a theory was considered in [30, 31]. It was shown that the anomaly cancellation between
a 4-dimensional SM-like theory and a 5-dimensional bulk theory may lead to an effect similar

7
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Figure 3: Capacitor in a magnetic field. The presence of extra dimensions or axion makes
electric field massive. As a result electric field in the capacitor decreases; however, one can
detect the presence of a non-zero electric field outside the plates of the capacitor.

to (5), i.e. appearance of a mass for the photon in the presence of strong magnetic field. The
key difference between the effect described in [30, 31] and the effects considered in this work
is the dependence of the mass on the magnetic field. Namely, this dependence had the form

mγ,H ∼
√

αemκ0H (28)

where αem is the fine-structure constant and κ0 is a dimensionless constant, characterizing
the deviation of the charges of light fermions from their anomaly-free values (similar to κ of
our model). Numerically, this effect is consistent with PVLAS data. The different from (5)
dependence of the induced photon mass on the magnetic field can thus serve as a peculiar
signature of the presence of extra dimensions. Thus, the measurement of the magnetic field
dependence of the effects of birefringence and dichroism can distinguish between various models
of “physics beyond the Standard Model”.

To observe this effect, another type of experiment has been suggested in [31]. Namely,
by placing a capacitor in a strong magnetic field, one can detect the redistribution of its
electric field, in particular the appearance of an electric field outside the plates of a large
capacitor (Fig. 3). In fact a similar effect would also be present in theories with ALP (this is
discussed briefly in Appendix). We do not analyze here the feasibility of such an experiment,
however, we want to notice that unlike the effects of rotation of polarization, the electric field
Eout ∼ mγ,H depends linearly and not quadratically on the induced mass of the photon and
therefore could in principle be stronger. Such an experiment would provide an independent
test of the interpretation of PVLAS data. Moreover, this effect allows to differentiate between
various types of models, determine separately mass and coupling constant of the axion, while
its dependence on H can differentiate between the 4-dimensional axion-like models and models
with extra dimensions.
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A Capacitor effect for one axion

A.1 Massless axion

Consider the Lagrangian of massless axion, interacting with the electromagnetic field

Saxion =

∫

−
1

4
|F |2 +

1

2
|dφ|2 +

φ

4fφ

FµνF̃
µν (29)

In this case, equations of motion read

∂νF
µν = jµ

0 +
1

2fφ

ǫµνλρ∂νφFλρ (30)

�φ =
1

fφ

ǫµνλρFµνFλρ (31)

Their solution can be easily found in the case when the source term j0 is just a (static) charge
density ρ(x) and the system is in the background constant magnetic field Hx. We choose
static gauge, so that only A0 is non-zero and solve Eq. (31) by writing

∂xφ =
H

fφ

A0 (32)

which reduces Eq. (30) to the Poisson equation

∂2
xA0 = ρ(x) +

H2

f 2
φ

A0 (33)

with the mass of electric field being

m2

γ,H =
H2

f 2
φ

. (34)

We see that massless axion generates mass for static electric field (in the presence of a strong
magnetic field) and thus in a capacitor experiment, similar to the one described in the section 4
(Fig. 3). The electric field outside the plates of the capacitor is given by Eout ∼ mγ,HV0, where
V0 is the voltage applied to the plates of the capacitor. Unlike the effects of propagation of
light in the magnetic field, the effect here (nonzero Eout) is proportional to the first power of
magnetic mass mγ,H .
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A.2 Massive axion

Let us now consider modifications compared to the previous section (A.1) in the case when
the axion has a mass mφ. Then, eqs.(30)–(31) become:

∂νF
µν = jµ

0 +
1

2fφ

ǫµνλρ∂νφFλρ (35)

(

� +m2

φ

)

φ =
1

4fφ

ǫµνλρFµνFλρ (36)

Again, under the same assumptions (static charges ρ(x), uniform background magnetic field)
we get the following solution in Fourier space (−i∂x → k)

φ(x) =
H

fφ

∫

dk

2π

ikeikx

(k2 +m2
φ)
A0(k) (37)

and for A0:

A0(x) =

∫

dk

2π

eikxk2

(k2 +m2
φ)(k

2 +m2
γ,H)

ρ(k) (38)

This integral is convergent and in the limit mφ → 0 one recovers the solution of Eq. (33) of
the massless axion. Let us analyze it for the simplest case ρ(x) = q0δ(x) or ρ(k) = q0:

A0(x) =
q0
4π

[

e−mφ|x|
mφ

m2
φ −m2

γ,H

+ e−mγ,H |x| mφ

m2
γ,H −m2

φ

]

(39)

In the interesting case mγ,H ≪ mφ one finds

A0(x) ≈ Amassless(x)



















m2
γ,H

m2
φ

, |x| ≫
1

mφ

mγ,H

mφ

, |x| ≪
1

mφ

(40)

i.e. the expression for the case of zero axion mass, suppressed by some power of mγ,H/mφ.
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